Determining the foraging niche of wild species is a challenging task, recently overcome 2 0 3 2 degradation: 82% of the expected occurrences were detected for intact preys, versus 54% for 3 3 pet food and 31% for out-of-date raw fish and meat. The Ion PGM detected significantly less 3 4 human-linked food, birds, field voles, murids and shrews in the field-collected samples than 3 5 the MiSeq platform. Pooling the replicates from both platforms and filtering HTS data 3 6 allowed identifying at least one food item in 87.4% of the 326 field-collected samples. A total 3 7 of 29 prey taxa (90% at species level) and 33 human-related food taxa (76% at genus level) 3 8 were identified. The findings indicate that using HTS platforms such as MiSeq, which provide 3 9 reads of sufficiently high quantity and quality, with sufficient numbers of technical replicates, 4 0 is a robust and non-invasive approach to determine diet composition in animals foraging on a 4 1 wide range of items in anthropogenic landscapes. 4 2 3 Key-words: cytb, HTS data filtering, MiSeq sequencing, non-invasive approach, sequencer 4 3 bias, variability in DNA degradation 4 4
analysis of biological samples (of which there is no prior knowledge) that contain a mixture of 6 8 DNA using PCR amplification of a gene marker such as universal DNA barcodes. 6 9 Metabarcoding in HTS technologies allows DNA to be read from multiple templates for 7 0 hundreds of samples in the same sequencing run. A subunit of a mitochondrial gene -for 7 1 example, a 136-bp mini-barcode on the cytochrome b gene (cytb) -is enough to distinguish 7 2 between closely related rodent species even in degraded or ancient DNA samples 11 . By comparing obtained sequences to a standard reference library of taxonomically identified 7 4 organisms (e.g. Bold or GenBank), the taxa or species present in a sample can be identified 7 5 with high confidence. In this way, metabarcoding of faecal samples allows ingested food 7 6 items to be identified by characterizing the barcode sequences in the samples 12 . This technique has been successfully used to analyse the diet of species of birds 13 , mammals 7 8 11,14,15 , reptiles 16,17 and fish 18 . However promising, metabarcoding for dietary analyses is not free of limitations or bias (see 8 0 Table 1 in Galan and colleagues 19 for a review). Contamination from alien DNA during versus processed food versus out-of-date raw fish and meat) was investigated. This was 1 0 5 achieved by collecting faecal samples from (1) a cat fed on a mixed diet of known 1 0 6 composition in an initial calibration study, and (2) free-ranging individuals sampled from a 1 0 7 rural area. Since all samples were analysed in independent PCR duplicates on each HTS 1 0 8 platform, this allowed us to compare the reproducibility of diet results both within the 1 0 9 platform and among platforms. Calibration study. A feeding trial was performed with a housebound cat fed a known diet 1 1 3 during 22 consecutive days in May 2012 and 27 consecutive days in November 2012 (see independently on each HTS platform. Due to the specificities of each platform, the DNA 1 5 5 library preparation differed slightly (see below). The Ion PGM libraries were performed twice for each DNA extraction by amplifying the 136-1 5 7 bp fragment of cytochrome b described in Galan and colleagues 11 . We used the fusion between the partial adaptors and the target-specific primers corresponded to a 0-to 3-bp 1 7 7 'heterogeneity spacer' designed to mitigate the issues caused by low sequence diversity 1 7 8 amplicons in Illumina sequencing 33 . These four versions of each primer were mixed before 1 7 9 PCR1, which was performed in the same conditions as the Ion PGM PCR libraries, i.e. Kit Master Mix (Qiagen) and 0.7 µM of each primer. One microliter of the PCR1 product was 1 8 9 added to each well. PCR2 was started with an initial denaturation step of 95 °C for 15 min, 1 9 0 followed by 5 cycles of denaturation at 94 °C for 40 s, annealing at 45 °C for 45 s and 1 9 1 extension at 72 °C for 60 s, followed by a final extension step at 72 °C for 10 min. After PCR 1 9 2 pooling and size selection by gel extraction, the amplicon library was sequenced at the local Bioinformatics and taxonomic identification. The paired-end reads 1 and 2 produced by MiSeq were assembled with the 'make.contigs' tool available in the mothur program 34 . PGM and MiSeq data to sort the sequences and identify the haplotypes at a taxonomic level 2 0 0 (genus or species) using GenBank and three different similarity thresholds for 2 0 1 BLAST+FASTA assignment (95%, 98% and 100%). contamination. This threshold corresponds to the number of reads for a particular haplotype 2 0 5 below which a positive occurrence could be due to contamination. It is essential to filter out 2 0 6 putative false positive results, especially for food items originating from highly represented 2 0 7 item sequences in the sequencing run. The mistagging threshold was calculated using the 2 0 8 maximal mistagging frequency in a sequencing run, i.e. the higher percentage of sequences assigned to a wrong sample and determined by the known mixed-diet study (e.g. the number 2 1 0 of sequences of a rodent species assigned to a specific sample when this species was not 2 1 1 1 1 expected in the targeted sample). The mistagging threshold corresponds to the total number of 2 1 2 reads in a sequencing run for a particular haplotype, multiplied by the maximal mistagging and if the maximal mistagging frequency = 0.05%, then the mistagging threshold = 17 reads 2 1 5 for this Arvicola terrestris haplotype). Another possible source of bias is that DNA from a food item of low biomass or from a 2 1 7 highly degraded sample can be stochastically amplified during the PCR process, resulting in a 2 1 8 proportion of false negative results 37 . To overcome this problem of stochastic amplification, a 2 1 9 specific food item had to occur in at least 50% of the PCR replicates performed for each DNA 2 2 0 extraction of a given sample. Following these stages of data filtering, a table of occurrences of 2 2 1 observed food items was obtained per sequencing run in order to compare the performance of 2 2 2 the two platforms (see below). In a final step, to determine the diet represented by each faecal 2 2 3 sample, the food occurrence data from both HTS platforms was pooled to enhance food item 2 2 4 detection. Model selection was based on the Information Theoretic approach and was performed with 2 2 7 the Akaike Information Criterion (AIC) following the model selection approach described by 2 2 8
Zuur and colleagues 38 . All statistical analyses were conducted with the statistical software R Calibration study. The ability of the two HTS platforms to detect consumed items from a diet 2 3 1 of no processed food (prey items only) or of different degrees of processed food (wet and dry 2 3 2 pet food, raw fish or meat) was assessed through descriptive statistics. For each HTS platform 2 3 3 and each food item category (prey, pet food or raw fish and meat), the number of faeces 2 3 4 containing haplotype sequences informative enough to assign a food item (observed 2 3 5 1 2 occurrence) was compared to the minimum expected occurrence in order to identify the 2 3 6 sensitivity and bias of each sequencing strategy. The minimum expected occurrence was 2 3 7 determined by considering that the DNA associated with a given food item ingested by the 2 3 8 housebound cat was expected to be detected in the scat emitted at least 12 h after the ingestion whether the proportion of a given food item category in the diet of cats was reflected in the 2 4 8 HTS sequence counts. These proportions were compared using Fisher's exact tests for count 2 4 9
data. Field study. Small-and medium-sized rodent, insectivore, wild bird and reptile DNA in field-2 5 1 collected samples were placed in the 'Prey items' category and its sub-categories (see Table   2 5 2 S2 for details). In contrast, DNA from domestic ungulates (cow, goat, sheep, pig) and farmed 2 5 3 birds (chicken, duck, guinea fowl, Perdicinae spp., turkey), as well as other mammals (e.g. elaphus and Sus scrofa) were placed in the 'Human-linked food' category and its sub- categories (see Table S2 for details). This latter category was assumed to originate from pet 2 5 7 food, leftovers or hunting scraps. These food item categories were defined to fit those 2 5 8 previously obtained during diet studies. and meat was scarcely detected by either method and was never detected in Ion PGM PCR 3 0 8
replicates (Table 1 and Table S1 ).
0 9
Both platforms were better at detecting DNA from prey items (82% of the expected 3 1 0 occurrences) than DNA from pet food (54%), or from raw fish and meat (31%) ( Table 1) .
Independently of the food item considered, the percentage of faecal samples in which the 3 1 2 expected DNA of a food item was detected (see Table S1 ) was higher for the MiSeq run Of the six expected prey species, the wood mouse Apodemus sp. was not detected, while at 3 1 7 least one of the two HTS platforms sequenced four other rodent species (water vole, field 3 1 8 vole, Norway rat and house mouse) and a bird species (Table 1) . DNA from the Norway rat and field vole, each expected in one scat, as with the other food items, was recovered in two 3 2 0 consecutive faeces. DNA from the house mouse was poorly detected (i.e. only four 3 2 1 informative reads from the MiSeq run), and the wood mouse was not detected at all. A delay 3 2 2 of 12 to 24 hours between prey ingestion and the occurrence of their remains in the scat was 3 2 3 identified for each prey species eaten and detected by both methods. The proportion of sequences (Ion PGM + MiSeq) associated with the different food item 3 2 5 categories did not match the proportion of the food item consumed (p < 0.001; Fig. 1a ), even when the platforms were considered independently ( Fig. 1b and 1c ). Prey items were 3 2 7
considerably overrepresented: they accounted for 66% of the sequence reads assigned to food items, whereas they represented only 5% of the biomass ingested by the cat. Within the prey 3 2 9 item category, rodent and bird biomass (90.4% and 9.6% respectively) were representative of food items (pet food and raw fish or meat) were considerably underrepresented: pet food 3 3 2 accounted for 33% and raw fish or meat 0.5% of the sequence reads, whereas these 3 3 3 respectively represented 83% and 12% of the biomass ingested. Comparing predator identification using cat-specific PCR amplification and DNA 3 3 6 metabarcoding, 2.4% of faecal samples (10/415) identified as cat faeces using cat-specific 3 3 7 PCR amplification were found to be emitted by another predator species using DNA Of the 159 occurrences of prey items detected with Ion PGM, 65% (n = 103) were identified 3 4 7
in duplicates compared to 72% (130/180) for MiSeq (Table 2 and Table S2 ). Of the 115 3 4 8 occurrences of human-linked food items detected with Ion PGM, 39% (n = 45) were 3 4 9 identified in duplicates compared to 48% (90/189) for MiSeq (Table 2 and Table S2 ). The two 3 5 0 platforms jointly confirmed 72.2% (143/198) of the occurrences of prey items, and 61% 3 5 1 (115/189) of the occurrences of human-linked food (pet food and scraps) ( Table 2 and Table   3 5 2 S2). In terms of the cat faecal samples, Ion PGM detected at least one food item in 73.6% investigated samples contained at least one identified food item.
5 6
A likelihood ratio test applied to the model selected for food item detection indicated that the 3 5 7 model without random effects was significantly better than the one with random effects (L = interaction between these two variables (R² = 0.17, Table S4 ). Ion PGM detected significantly 3 6 0 less human-linked food (-2.01 ± 0.31 SE on the log odds ratio scale, p < 0.001), birds (-4.98 ± 3 6 1 1.10 SE, p < 0.001), field voles (-1.50 ± 0.72 SE, p < 0.05), murids (-3.30 ± 1.10 SE, p < 3 6 2 0.01) and shrews (-2.60 ± 1.24 SE, p < 0.05) than MiSeq.
6 3
A total of 521 different occurrences of food items were identified and classified as prey items 3 6 4 or human-linked food. A total of 29 different prey taxa were identified, of which 25 were 3 6 5 identified without ambiguity up to the species level (9 rodents, 3 insectivores, 12 birds and 1 3 6 6 reptile), representing 90% of the prey items (287/319, Table S2 ). One reptile item was occurrences related to human-linked food items were detected. Game species were also 3 6 9 detected in addition to the expected occurrences of pet food, food leftovers and hunting 1 9 detection related to this food category. The link between food category and DNA integrity 4 0 3 could be confirmed through a calibration study including the evaluation of DNA integrity and 4 0 4 a DNA metabarcoding experiment on various food item categories before and after ingestion. In addition to variability in the DNA detection of food items, variations in the ability of the 4 0 7 different HTS platforms to detect food items were identified. Overall, during the calibration 4 0 8 study, MiSeq was more effective at detecting expected food items and duplicating this (93% 4 0 9 of expected items were detected, of which 71% were duplicate-confirmed) than Ion PGM 4 1 0 (52% of expected items were detected, of which 29% were duplicate-confirmed). A similar 4 1 1 pattern was observed in the analysis of the field-collected faecal samples. Furthermore, MiSeq 4 1 2 was also able to detect more human-linked food, as well as species of bird, field vole, murids 4 1 3 and shrews than Ion PGM in field collected-samples. This outcome could be most easily Another strong sequencing bias was noticed in results from the Ion PGM platform, 4 1 8 particularly for species haplotypes that included short homopolymer repeats. In our case, a 4 1 9 loss of quality at the end of the cytb mini-barcode, and consequently to the presence of several public datasets generated by this platform and suggests that it is a pervasive problem 44 . This may also partly explain the bias found between biomass and number of reads by leading to a 2 0 lower representation of homopolymer-rich haplotype sequences in the DNA metabarcoding 4 2 6 studies using Ion Torrent technology (e.g. Deagle and colleagues 45 ).
2 7
Common biases in diet analysis using DNA metabarcoding 4 2 8
The proportion of reads from prey items or human-linked food was not related to the ingested 4 2 9 biomass of these food categories in the housebound cat diet. On a mass-to-mass basis, prey 4 3 0 item DNA was better detected than DNA associated with human-linked food. This result was 4 3 1 not related to a taxonomic bias introduced by primer-template mismatches, but rather related 4 3 2 to food item properties. This discrepancy is likely to be associated with the variable 4 3 3 digestibility of different food items and/or DNA quality (see above). In line with previous 4 3 4 studies 45-47 , these results reinforce the preference for a qualitative approach that involves 4 3 5 creating a list of food items consumed and their frequency of occurrence 12,42 rather than 4 3 6 relating reads to ingested biomass, particularly in studies on species with mixed diets. This scat to the proportion of these species in a constant diet. An alternative would be to use 1 Another bias related to an approach based on amplifying a cytb 136-bp mini-barcode without 4 5 1 a blocking oligonucleotide on the targeted predator species is that it can lead to an over-4 5 2 representation of the sequences assigned to the predator in the PCR product. As a result, some 4 5 3 samples can exclusively yield predator sequences by inhibiting the amplification of rare DNA 4 5 4 reads (e.g. prey items). This phenomenon is probably exacerbated because predator DNA has 4 5 5 higher integrity than DNA originating from human-linked food. This hypothesis is consistent
with the high proportion of cat haplotypes in the present study (80% for Ion PGM and 98% 4 5 7
for MiSeq when faecal samples were rapidly stored, and 51% for Ion PGM and 83% for 4 5 8
MiSeq in more hazardous sample conservation). Of the field-collected faecal samples, 18% In line with D'Amore and colleagues 21 , these results indicate that studies using DNA 2 2
This study also confirmed that species assignment is subject to errors related to species 4 7 6 sequences from the cytb gene submitted to GenBank (e.g. closely related rodents/birds that 4 7 7
are not distributed within the study range), and thus potentially poorly allocated. DNA 4 7 8 metabarcoding is mainly used to investigate faeces with no previous knowledge about the diet 4 7 9 of the targeted species; a reference database containing voucher specimens from the study 4 8 0 area would be useful to validate the detection of prey species. conclusions. In the present study, 9% of the field-collected faecal samples were misidentified 2038 (2012). Comparison between the proportion of biomass of the three food categories fed to the housebound cat (black) versus proportion of sequence reads assigned to that food category (light grey) from 28 scat samples for (a) pooled replicates (Ion PGM + M (b) Ion PGM replicates only, and (c) MiSeq replicates only.
the overall MiSeq runs),
